The role of endogenous cerebral norepinephrine (NE) as a mod ulator of transmembrane cation transport and energy metabolism was evalu ated by monitoring extracellular potassium ion activity ([K+jo) in vivo and by measuring cortical Na+,K+-ATPase activity and oxygen consumption in vitro, Ipsilateral cortical NE was depleted by unilateral 6-hydroxydopamine (6-OHDA) lesions of the locus ceruleus (LC), The contralateral cortex was used for control measurements, NE depletion had no effect on resting levels of cortical [K "jo or on the rate of K + removal from the extracellular space fol lowing direct cortical stimulation. There was also no effect of NE depletion on Na+,K+-ATPase activity in cortical homogenates nor on oxygen consumption of cortical slices over a wide range of K+ concentrations, These results indicate that central NE depletion does not influence movements of cortical K+ either directly through an influence on Na+,K+-ATPase activity or indirectly through effects on oxidative metabolism. It is probable, therefore, that previously de scribed effects of NE on cortical oxidative metabolism are mediated through changes in cerebral perfusion and/or modification of substrate availability in l'ivo.
The physiological role of norepinephrine (NE) in the cerebral cortex remains poorly defined, al though several studies have implicated this cate cholamine as a neuromodulator of cerebral meta bolic activity (Mac Kenzie et ai. , 1976; Berntman et ai. , 1978; Harik et ai. , 1979; LaManna et ai. , 1981) , of cerebral blood flow (Raichle et aI. , 1975; Berntman et aI., 1978) , or of cortical Na+, K+ ATPase activity (Yoshimura, 1973; Wu and Phillis, 1975; van der Krogt and Belfroid, 1980; Swann et ai. , 1981) . Our previous work has demonstrated that lesion of the nucleus locus ceruleus (LC), and the resultant depletion of cerebral NE, is accompanied by abnormalities of cortical oxidative metabolic and circulatory activity in the "active" state (Harik et ai. , 1979; LaManna et ai., 1981) . Specifically, the recovery of reduction:oxidation ratios of the initial (nicotinamide adenine dinucleotide [N AD]) and terminal (cytochrome a,a3) members of the mito chondrial respiratory chain was slowed following their oxidation by direct electrical stimulation of the cortical surface. This slowing occurred only in the NE-depleted cortex ipsilateral to the LC lesion. These findings suggested a decreased rate of ATP generation and thus a decreased capacity of the NE-depleted cortex to respond to increased meta bolic demand.
There are several possible explanations for al tered oxidative metabolic function after NE deple tion: (1) NE may affect the availability of substrate for re-reduction of respiratory chain components; (2) NE may influence cerebral oxidative metabolism mediated by its effect on local cerebral circulation; and (3) the slow re-reduction of NAD and cyto chrome a,a3 could result from prolonged ion dis placement induced by electrical stimulation of the cortex. Evaluation and elimination of these pos sibilities, however, is complicated by the fact that they could be interrelated. For example, prolonged or increased K+ activity could result from a direct effect of NE on Na+, K+-ATPase activity, or indi rectly through an influence of NE on oxidative me tabolism and local cerebral blood flow.
In this report, we have combined in vivo and in vitro techniques to evaluate whether or not endoge nous NE has a role as a modulator of cortical K + homeostasis. These studies take advantage of the fact that most NE innervation of the cerebral cortex emanates from neurons originating in the LC via an ipsilateral pathway (Ungerstedt, 1971) . Thus, uni lateral 6-hydroxydopamine (6-0HDA) lesions of the LC can deplete one hemisphere while the contralat eral hemisphere serves as an internal control. The data suggest that depletion of endogenous NE has no apparent effect on "resting" and "active" K+ activity in vivo nor on Na+, K+-ATPase activity or oxygen uptake rates of cortical slices in vitro. Pre liminary reports of these findings have been pre sented (Sick et aI. , 1980; Harik and Hertz, 1981) .
METHODS

Locus Ceruleus Lesion
Male Wistar rats (weighing 250-300 g) were ob tained from Lab Supply (Indianapolis, IN) and were allowed a 5 -7-day period of acclimation, during which time they were kept under diurnal light conditions with free access to food and water. The LC was lesioned unilaterally under chloral hy drate (400 mg/kg, i. p.) anesthesia, by the local infu sion of 2. 5 JLI of a freshly prepared 6-0HDA solu tion containing 2 mg/ml 6-0HDA base and 1 mg/ml ascorbic acid in 0. 9% NaCI solution, adjusted to a pH of approximately 5. 5, and kept on ice (Harik et J Cereb Blood Flow Metabol, Vol. 2, No.3, 1982 aI. , 1981). The stereotaxic coordinates were 1. 1 mm posterior, 1. 3 mm lateral, and 7. 5 mm ventral to the lambda. Pargyline (50 mg/kg, i. p.) was given 15-20 min before the infusion of 6-0HDA to produce a more effective lesion (Koda et aI. , 1978) . Approxi mately equal numbers of right-and left-side lesions were made. Control animals were prepared in a similar manner, except that 6-0HDA was not in fused. After operation, the rats were allowed to recover for a period of 13-15 days before they were used in the experiments described below.
At the end of each experiment, the efficacy of LC lesion was assessed by the magnitude of NE deple tion induced in the ipsilateral cerebral cortex (Harik et aI. , 1979) . Samples from both sides of the parietal cortex were frozen in liquid nitrogen and stored at -60°C until homogenized in 50 volumes of ice-cold 0. 1 N perchloric acid. The supernatant was assayed for NE content by the radioenzymatic assay of Henry et al. (1975) . LC lesions were considered successful when NE in the cortical hemisphere ip silateral to LC lesion decreased to less than 30% of the contralateral cortex. Rats with unsuccessful le sions were excluded from analysis of data.
Measurements of Extracellular K+ Measurement of extracellular K+ activity ([K+]o) was done under pentobarbital anesthesia (35 mg/kg, i. p. ) 2 weeks after LC lesion. Tracheostomy was performed and the rats were paralyzed with d tubocurare (10 mg/kg) and ventilated with a mixture of 30% O2 and 70% N2• The femoral artery and vein were cannulated and blood pressure monitored. The respiratory rate and stroke volume were adjusted to maintain blood gas values within the physiological range (Pao2 > 125 mm Hg; Paco2, 35-42 mm Hg; pH 7.4-7.5). The rat's head was then placed in a headholder and small rectangular areas of parietal cortex (3 x 5 mm) of each hemisphere were ex posed by craniotomy. The dura was gently removed to facilitate insertion of a K + -sensitive microelec trode. Body temperature was maintained at 37°C by a rectal thermocouple and heating pad.
K + -sensiti ve microelectrodes were fabricated and calibrated as described by Sick and Kreisman (1981) using liquid ion exchanger for potassium (Corning 477317). Estimates of [K+] o were achieved by com paring the electrode potentials obtained in the cere bral cortex with those obtained in solutions con taining known concentrations of KCI (and appropri-ate concentrations of NaCI to maintain a constant ionic strength). These electrodes were inserted into the cortex to a depth of 100-300 p.m. Increased brain activity was provoked by 2-s trains of electrical pulses (0. 5-ms duration and 20-Hz frequency) applied directly to cortical sur face through bipolar stimulating electrodes placed within 0. 5 mm of the K+ -sensitive microelectrode. Cortical stimulation was repeated at 2-min inter vals, which allowed complete recovery of [K +]o to baseline levels. Each hemisphere was stimulated with increasing voltage intensity to produce pro gressively higher [K +]o. NE-depleted and control hemispheres were evaluated in random order to avoid possible effects of electrical stimulation of one hemisphere on subsequent responses in the other hemisphere.
Measurement of Na+,K+-ATPase Activity
Rats with unilateral LC lesions and their litter mate controls were killed by decapitation 2 weeks after LC lesion, and bilateral samples of their fron toparietal cerebral cortex were removed for Na+, K+-ATPase assay and for NE assay. These samples were immediately frozen in liquid nitrogen and ATPase activity was assayed within 2 h after freezing. Tissue was weighed in the frozen state and homogenized in 100 vol of 5 mM Tris buffer, pH 7.4, in motor-driven, glass-glass homogenizers. One hundred microliters of this homogenate (1 mg tis sue) was added to 1 ml of incubation medium, and Na+, K+-ATPase activity was estimated by sub tracting the ouabain-resistant ATPase activity from the total ATPase activity, as described by Wu and Phillis (1979) . The incubation medium used for de termination of total ATPase activity contained 115 mM Tris buffer (pH 7. 4), 5 mM MgCI2, 6. 25 mM KCI, and 72.5 mM NaCI. The incubation medium used for determination of ouabain-resistant ATPase activity contained 172. 5 mM Tris buffer (pH 7. 4), 5 mM MgCI2, 14 mM NaCl, 1 mM ouabain, and was K+ free. Tissue homogenates were pre-incubated in either of these media at 37°C for 10 min and then the reaction was started by addition of 2 p.mol A TP (Sigma, vanadate-free). This reaction was termi nated after 10 min by addition of 0.2 ml of ice-cold 30% trichloroacetic acid. Inorganic phosphate (Pi) in the supernatant was determined by colorimetry (Fiske and Subbarow, 1925) . ATPase activity was expressed as nmol P/mg tissue/min and it was linear up to 2 mg of tissue and for 15 min of incubation.
Measurement of O2 Consumption in Cerebral Cortical Slices
Two weeks after unilateral LC lesion, rats were killed by decapitation and the brains quickly re moved. Rates of oxygen consumption by 0.5-mm thick slices of the ipsilateral (NE-depleted) and the contralateral (control) temporoparietal cerebral cortex were measured by the Warburg technique (Hertz and Schou, 1962; Umbreit et aI. , 1972) . Due to previously demonstrated differences in oxygen uptake rates between slices from different depths of the cortex (Hertz and Schou, 1962) , only the two outer slices from each hemisphere were used. Each of these was divided into a frontal and dorsal part. In each experiment, either the two frontal halves or the two dorsal halves from slices 1 and 2 from the same hemisphere were used. No differences were observed between the experiments using the more dorsal and the more frontal tissues, which, accord ingly, were pooled. The incubation medium con tained 120 mM NaCI, 1 mM MgS04, 1. 5 mM CaClz, 20 mM Tris buffer (pH 7. 4), 6 mM glucose, and KCI in varying concentrations. Initially, the slices were always incubated in a medium with 5 mM KCI and their oxygen utilization measured for a 30-min pe riod. Then, the KCI concentration was increased by the addition of a concentrated KCI solution from the side arm of the flask, thus making the final KCI concentration of the incubating 13, 21, 37, or 53 mM.
RESULTS
Effect of NE Depletion on [K+]o in Cerebral Cortex
NE depletion had no effect upon resting (unstim ulated) 
Effect of NE depletion on Cortical
Na+, K+-ATPase Activity NE content and Na+, K+-ATPase activity of ho mogenates of cerebral cortex ipsilateral and con tralateral to unilateral LC lesion, and of control rats, are presented in Table 1 . Despite the marked reduction in NE content of cerebral cortices ipsilat eral to LC lesion (approximately 90% depletion), there was no significant alteration of Na+ ,K+ AT Pase activity in the three groups studied. Na+, K+-ATPase activity averaged 34.8 ± 3.4 
Cumulative oxygen uptake of cerebral cortical slices from contralateral (open symbols) and ipsilateral (closed symbols) hemispheres of rats sacrificed 13�15 days after unilateral LC lesion. After 30 min (arrow), K+ in the incubation medium was increased from 5 mM to 13 mM (circles), 21 mM (squares), or 53 mM (triangles). While oxygen uptake was stimulated by higher K+ concentrations, there was no differ ence between control and NE-depleted hemispheres. Results are averages of 10 slices from 7 rats.
nmol/mg tissue/min (n = 6) in NE-depleted cortex, 35.0 ± 3. 1 (n = 6) in cortex contralateral to LC lesion, and 39. 2 ± 1. 9 (n = 12) in cortex of sham operated animals.
Effect of NE Depletion on Oxygen
Consumption by Cortical Slices In Vitro
There was no effect of NE depletion on oxygen consumption of cortical slices ill vitro. These results are illustrated in Fig. 3 and represent the cumulative oxygen uptake by NE-depleted and non-depleted cortical slices when the K+ concentration of the in cubation medium was 5 mM in the first 30 min of incubation and when the concentration of K+ was elevated to 13, 21, and 53 mM by the addition of concentrated KCI solution from the side arm of the incubation flask. Oxygen consumption by cortical slices from hemispheres ipsilateral to LC lesion (NE, 22 ± 9 ng/g; n = 7) amounted to 98. 9 ± 4. 1 M-mol/g (wet weight) (10 slices from 7 rats) during the first 30 min of incubation, which was not signifi cantly different from that of contralateral hemi spheres (NE, 311 ± 31 ng/g; n = 7), which averaged 98. 2 ± 3. 3 M-mol/g (wet weight) during the same 30-min period (10 slices from 7 rats). High K+ con centrations increased oxygen uptake in all cortical slices, but there was no significant difference be tween NE-depleted and non-depleted cortical slices at any of the K+ concentrations used.
DISCUSSION
These experiments were designed to evaluate the role of endogenous NE as a modulator of potassium ion homeostasis and metabolic activity in the cere bral cortex. We hypothesized that depletion of cor tical NE may result in changes in [K+] o due either directly to effects of this catecholamine on Na+ ,K+ -ATPase or indirectly through its influence on oxidative metabolism. This hypothesis was de rived from earlier observations that NE depletion alters redox responses of cerebral mitochondrial re spiratory chain components (Harik et aI, 1979; LaManna et aI. , 1981) , and from reports that NE alters cerebral metabolic rate for oxygen (Mac Ken zie et aI. , 1976; Berntman et aI. , 1978) and cerebral Na+ ,K+-ATPase activity (Yoshimura, 1973; Wu and Phillis, 1975; van der Krogt and Belfroid, 1980; Swann et aI., 1981) . In addition, movements of K+ in brain extracellular fluid appear to be sensitive to factors that affect the integrity of active transport systems including Na+, K+-ATPase (Krnjevic and Morris, 1975; Cordingley and Somjen, 1978; Sick and Kreisman, 1981) and oxidative metabolism (Morris, 1974; Sick and Kreisman, 1981) .
Our previous reports demonstrated that NE in fluences cerebral oxidative metabolism in the "ac tive" state but not under "resting" conditions (LaManna et aI. , 1981) . Thus, cortical NE depletion had no effect on the resting reduction:oxidation ratio of cytochrome a ,a 3 , but slowed the re reduction of NAD and cytochrome a,a 3 following their oxidation by direct cortical stimulation. The data presented here are consistent with these ob servations. We observed no effect of cortical NE depletion on resting extracellular K+ activity ill Vil'O, on Na+ ,K+-ATPase activity of cortical ho mogenates, or on oxygen consumption of cortical slices at normal or elevated potassium concentra tions in vitro. We must conclude that the resting influence of endogenous NE on cortical oxidative metabolism and K+ homeostasis is minimal.
The influence of endogenous NE on cortical oxidative metabolism and potassium ion homeosta sis in the active state appears to be quite different, however, from that observed under resting condi tions. Slowing of the rates of re-reduction of NAD and cytochrome a,a3, following their oxidation due to direct cortical stimulation, might result from one or more of the following effects of NE depletion: (1) decreased substrate delivery to the respiratory chain during neuronal activation; (2) enhanced pro vision of oxygen due to an influence of NE on activity-induced elevation of local cerebral blood flow; and (3) prolongation of potassium ion dis placement following direct cortical stimulation. We have demonstrated that NE depletion does not in fluence the duration of potassium ion displacement following direct cortical stimulation, which suggests that the influence of endogenous NE on cortical oxidative metabolism must be mediated by effects on substrate or oxygen delivery to the respiratory chain.
The possibility that decreased substrate delivery to the respiratory chain could be responsible for the slowed re-reduction of the mitochondrial enzymes after stimulation is derived from the finding that substrate limitation to mitochondria in Filro results in oxidative shifts of all respiratory chain members (Chance and Williams, 1956 ). Insulin-induced hypoglycemia has been shown to produce similar oxidative shifts in rat cerebral cortex (Bryan et aI. , 1980) , and recent observations indicate that NE de pletion may decrease glycogen utilization by the cortex during seizures (Harik et aI. , unpublished observations) . However, inhibition of substrate de livery to the respiratory chain would probably slow the rate of repayment of the energy debt incurred as a result of direct cortical stimulation. The demon stration here that potassium ion reaccumulation is not slowed after such stimulation would indicate that energy provision for re-establishment of ion gradients following neuronal excitation remained adequate after NE depletion. This might occur, for example, if repayment of the ATP used for ion transport was prolonged in the absence of NE and/or if ATP was made available for ion transport from other cellular sources.
Alternatively, slowed rates of re-reduction of NAD and cytochrome a,a;! could reflect enhanced provision of oxygen due to an influence of NE on activity-induced changes in local cerebral blood flow. Such a possibility is suggested from previous reports showing that increased tissue oxygen ten sion is accompanied by oxidative shifts of cyto chrome a,a3 (Kreisman et aI. , 1981) . Direct mea surements of oxygen tension shifts in the presence and absence of cortical NE may resolve these pos sibilities.
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